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SUPPLEMENTAL RESULTS
Training the baseline DFA model. We grouped water data into seven Strontium Isotopic Groups (SIGs) ( Fig. 1 and 2A ) based on similarity in both 87 Sr/ 86 Sr ratios and geography. Some SIGs encompassed geographically separated tributaries (e.g., the Tikchik and Upper Nushagak Rivers, Fig. 1 ). However, because they were isotopically similar they were determined to be within the same SIG. SIGs met the necessary assumptions of homogeneity of variances for a linear DFA (Levene's test, p = 0.57). The regression of water versus otolith 87 Sr/ 86 Sr ratios (measured parallel to growth axis) yielded a slope of 0.983 ± 0.017 (2SE) and a coefficient of determination (r 2 ) of 0.99, which approximated a 1:1 relationship (Fig. S1B ). This result demonstrated the validity of using water data to build the DFA model. Several individuals had very different 87 Sr/ 86 Sr ratios (>>2SD) ( Fig. S1B , Dataset S1) than the ambient environment in which they were captured. Their ratios, however, were similar to proximal environments to their respective trapping sites. These individuals most likely moved into respective trapping areas just prior to being captured (17). As such, we excluded them from the regression and also the DFA during our validation tests (described in detail below). 87 Sr/ 86 Sr life history profiles of juvenile Chinook salmon. 87 Sr/ 86 Sr life history profiles (measured perpendicular to growth axis) of juvenile Chinook salmon revealed that some individuals (20% of total sub-sample) moved between isotopically different freshwater environments (Dataset S2). At the sites where we observed obvious outliers in our regression (e.g., sites St, Kl, and Ny1) ( Fig. S1B ) we also observed life histories of individuals indicative of movements between isotopically different, but proximal, habitats. This also corroborated their exclusion from the regression and DFA based on the evidence ( 87 Sr/ 86 Sr otoltih ratios) that some individuals did not originate from the trapping area. For example, the only juveniles captured in tributaries of the lower Nushagak River (i.e., Klutuk Creek, site Kl, n = 2) had natal origin ratios similar to the lower Nushagak River, but rearing ratios similar to Klutuk Creek. There were also examples of juveniles moving between SIGs 6 and 7; SIGs 1 and 2; SIGs 3 and 2; and SIGs 4 and 5. Additionally, between 89 and 93% of the Sr present within the otolith cores of juvenile Chinook salmon was derived from marine sources (Fig. S4A ). The proportion of marine-derived Sr in juvenile Chinook otoliths consistently approached 0% at a distance ~ 250 m from primordia (e.g., Fig. S4B ).
Validating baseline DFA model. The two independent validation tests we conducted of our DFA model yielded overall classification accuracies of 90% and 88% for known origin juvenile Chinook salmon (n = 153) and slimy sculpin (n = 33), respectively (Table   S1 ). SIG specific classification rates (Gcr) ranged from 0.6 -1.0 for juvenile Chinook salmon (Table S1A) and 0.5 -1.0 for slimy sculpin (Table S1B ). We defined Gcr as the proportion of correctly classified individuals into each SIG, where Gcr < 1 indicates that a proportion of individuals were misclassified into the said SIG. Despite the minor number of misclassifications between SIGs during these tests the overall accuracies of the DFA model were high (~ 90%).
Mass-balance calculation of Sr sources within the otolith core. The mass-balance calculation of Sr sources within the otolith core (Equation 1) of the sub-sampled juvenile Chinook salmon indicated that between 89 and 93% of the Sr present within the core is derived from marine sources (Fig. S4A ). The uncertainty associated with this massbalance estimate decreased (i.e., from ± 24% to ± 1%, 1 SD) as the difference between natal freshwater ratios and the global marine value (0.70918) increased ( Fig. S4A ). This estimate was consistent across all trapping sites, and thus, all geographic regions of the Nushagak River watershed (Dataset S2). The proportion of marine-derived Sr in juvenile Chinook otoliths consistently approached 0% at a distance ~ 250 m from primordia (e.g., Fig. S4B ), which also verified our guidelines for determining the freshwater residence period in adult otoliths. Inspection of the 87 Sr/ 86 Sr ratio measured in the marine portion of several adult Chinook salmon otoliths (n = 7) yielded a ratio of 0.70918 ± 0.00004 (2 SD), which corroborates our use of 0.70918 in the mass-balance calculation.
Posterior probabilities of MSA (data set S3). Our MSA results for the overall proportions of SIG membership only slightly changed (Table S2 ) when we set a probability threshold for group membership of > 80% or > 70% probability. The DFA model predicted natal origins of 89% (n = 228) of all adult Chinook salmon with posterior probabilities > 80% for SIG membership. Natal origin predictions with probabilities > 70% for group membership composed 94% (n = 239) of the total sample. Thus, our overall results were 90% accurate, as suggested by our validation tests and posterior probabilities of SIG membership.
Movement patterns.
In addition to predicting natal origins, we also inferred freshwater movement patterns of all adult Chinook salmon ( Fig. 3 , Table S4A , and data set S3). We observed four different 87 Sr/ 86 Sr life history patterns during freshwater residence (see main text, Fig. 3 , and Table S4A ). The individuals which showed forays toward lower river 87 Sr/ 86 Sr ratios generally occurred over an otolith distance of < 100 m and were located just before migration to the ocean. Thus, they often never fully equilibrated with lower river ratios (e.g., Fig. 3 ). Of the individuals that were indicative of having reared in a different 87 Sr/ 86 Sr environment than their natal origin (n = 26 total), approximately half (n = 14) had 87 Sr/ 86 Sr ratios during the rearing stage that were classified into different SIGs than their natal origin. Using both natal origin and rearing area DFA predictions (Table S4B) , we inferred actual migration routes of these individuals providing further insight into their natal origins and freshwater habitat use (see Discussion below). The remaining individuals showed changes in the 87 Sr/ 86 Sr ratio (ranging from 0.00011 to 0.00044), but the DFA predicted both the natal origin and rearing signals to be within the same SIG.
SUPPLEMENTAL DISCUSSION
Building baseline 87 Sr/ 86 Sr datasets using water data. The regression of 87 Sr/ 86 Sr ratios in water versus otoliths from known origin juvenile Chinook salmon demonstrated that otoliths strongly approximate ambient water ratios ( Fig. S1B ) and justified using water data to train the DFA model. The same relationship (slope = 0.99 and r 2 = 0.99) in the same watershed was also determined using lifelong (2 -7 years) mean otolith 87 Sr/ 86 Sr ratios from known origin slimy sculpin (17). Thus, water-sampling campaigns, particularly in the autumn, appear to be accurate proxies for otolith variation throughout study regions. However, multi-scale temporal variability is an important characteristic to evaluate, especially in regions defined by extreme seasonality such as the Subarctic (34) and Arctic (35) . Arguably, inter-annual variation during autumn is the most important time-scale to evaluate (17), because natal origin studies of salmon target the first year of growth within the otolith (16), which reflects the autumn ambient water environment.
Additionally, our results from 87 Sr/ 86 Sr life-history profiles of juvenile Chinook salmon (Dataset S2) illustrated that some individuals did not originate from the site in which they were trapped. We also observed this in the data generated by measuring parallel to the growth axis proximal to the otolith edge (e.g., the outliers in Fig. S1B ). These results illustrated the connectivity between freshwater habitats from the perspective of juvenile (17) MSA results and potential habitat amount. Our MSA results scaled with metrics of potential habitat amount (e.g., stream length and basin area within each SIG) ( Fig. S2 and Table S3 ). To investigate the relationship between potential habitat amount and respective proportions of fishery harvest, we compared MSA results to i) total stream length as estimated by the Anadromous Waters Catalogue (AWC) (https://www.adfg.alaska.gov/sf/SARR/AWC/), ii) total stream length as estimated by the National Hydrography Dataset (NHD) (http://nhd.usgs.gov), and iii) total basin area as estimated by the NHD. The AWC is likely an underestimate of the potential habitat, whereas stream length and area determined via the NHD are likely to be overestimates.
However, the proportion of harvests in 2011 of Chinook salmon indicated to scale positively with each estimate of habitat amount (Fig. S2) . In other AK watersheds (i.e., the Copper River), habitat productivity (as measured via rearing juvenile Chinook salmon) was patchy (45), whereby relatively small proportions of stream reaches provided disproportionate amounts of suitable rearing habitat for juvenile Chinook salmon. The proportional nature of our MSA results relative to SIG habitat amount estimates may suggest that the patchy nature of viable rearing habitat for juvenile Chinook salmon may operate at smaller scales than defined by the SIGs (i.e., the ratios of viable to unviable habitat for each SIG are similar). Though these results are suggestive, further investigation is warranted, including water sampling to further constrain SIGs.
Additional discussion of a minor number of perplexing adult life history profiles.
Inferred movement patterns of a few individual adult Chinook salmon were perplexing and suggested additional water sampling in some regions would help constrain SIGs. For example, five fish had natal origins within SIG 4, but apparently reared within SIG 2 (n = 2) and SIG 5 (n = 3) (Table S4B ). Based on rearing signals, likely rearing areas for these fish were the Mulchatna and Nuyakuk Rivers, respectively. In the former case, it seems probable that these fish originated from western tributaries flowing into the main-stem channel of the Mulchatna River (e.g., Mosquito River). However, the water measurement from the lower Mosquito River (17) was within SIG 3, not SIG 4. The upper reaches of the Mosquito River drain rocks that are geologically more akin to 87 Sr/ 86 Sr ratios defining SIGs 4, 5, or possibly even 6 (36). Thus, higher 87 Sr/ 86 Sr ratios may exist in the upper parts of this sub-drainage. In the latter case, it is possible that these fish originated from tributaries flowing into the Nuyakuk River; or that they originated in Harris Creek and reared in main-stem Nushagak River channel between the confluences of the Mulchatna and Nuyakuk Rivers (Fig. 1) . The fact that all of these individuals indicated to have reared in respective main-stem channels, but indicated to originate from 87 Sr/ 86 Sr environments within SIG 4 suggests that additional water sampling within these respective regions would help constrain our SIGs. However, this ancillary rearing area information drew us to conclude that the individuals who reared in the Mulchatna River (n = 2) actually belonged to SIG 3 (e.g., the Mosquito River) (Table S4B ). Though further water sampling in these regions would be helpful in resolving the life history patterns of these five fish, because only a small number of fish presented perplexing movement histories, we did not consider our overall MSA results to be affected.
Movement patterns elucidated via otolith microchemistry. One of the unique
features of otolith microchemistry is that it is able to yield useful life-history information for individual fish (37-39). Because we measured the 87 Sr/ 86 Sr ratio from the otolith core into marine regions of each adult Chinook salmon, we were able to infer relative differences in movement patterns during freshwater residence. Our interpretation of these transects was limited by two main aspects of the general method: inherent otolith growth structure (e.g., otolith growth is not constant throughout the year or over the life of a fish) and beam-based sampling methods (e.g., the beam size and scan speed of laser ablation (LA) transect). More specifically, our ability to resolve and observe 87 Sr/ 86 Sr changes experienced by individuals depended on i) the magnitude of the actual 87 Sr/ 86 Sr change between environments (e.g., shifts need to be on the order of 0.0001), ii) how long the change persisted during the freshwater residence of a fish (both with respect to real-time and otolith distance), and iii) how large the LA beam diameter was relative to this change as reflected in the otolith (17). Thus, our interpretations of movement patterns of Chinook salmon were relative to the dataset as a whole and did not reflect absolute real-time migration reconstructions (e.g., as with a physical tracking devise).
However, by using 87 Sr/ 86 Sr profiles we were able to infer movement patterns, relative habitat use, and refine the natal origin predictions of some adult Chinook salmon (Table S4 ). For example, three individuals originating from areas within SIG 1 had rearing signals from within SIG 2 (e.g., Fig. 3 and Table S4B ). Given our knowledge of the 87 Sr/ 86 Sr geographic patterns throughout the Nushagak River (17), it is probable that these fish originated from the eastern tributaries of the Mulchatna River draining the Alaskan-Aleutian Range (AAR), and then reared in the Mulchatna River for some time before migrating to the ocean. This additional rearing area information refined the natal origin prediction of these fish to the AAR tributaries, which distinguishes them from the isotopically similar lower Nushagak River tributaries (e.g., Kokwok River and Klutuk River) ( Fig. 1 and Table S4B ). Of the SIG 1 fish that exhibited site-fidelity during freshwater residence, 87 Sr/ 86 Sr ratios were not able to discern this within-SIG 1 natal origin difference. These results suggest differences in movement patterns and habitat use between AAR-Chinook salmon (e.g. site fidelity within the AAR tributaries versus utilization of the Mulchatna River). Across the entire dataset we observed only 11% of individuals to have reared in a different 87 Sr/ 86 Sr environment than their natal origin (half of which had rearing signals from a different SIG than their natal origin) (Table S4A) .
Similarly, if we examined the entire adult Chinook salmon dataset (n = 255), we observed relative differences in the utilization of the lower Nushagak River main-stem channel (the corridor through which all fish must swim via their migration to the ocean). Of the entire sample, 21% of the individuals indicated short (< 100 m in otolith) 87 Sr/ 86 Sr forays towards the lower river ratios, whereas the remaining majority did not (Table S4A) .
Qualitatively, these results suggest differential habitat use among individuals.
Mixed stock analysis (MSA) of fishery harvests using SIGs versus genetics. In this study we apportioned a mixed stock of incidentally harvested Chinook salmon in Nushagak Bay to seven SIGs within the Nushagak River watershed. Our collections of Chinook salmon in 2011 occurred during the periods of largest bycatch from the commercial sockeye salmon fishery in the Nushagak District and escapement into the Nushagak River (25). The total run of Nushagak River Chinook salmon in 2011 was 95,300, with a total bycatch of 26,927 (half of which occurred on June 26 th -the official opening of the fishery) (25). Our collections also included catches from multiple gear types (drift and set gillnets), boats, and days. As such, we believe our MSA results reported herein to be a reasonable estimate of the composition (i.e., the fine-scale population structure as determined via SIGs) of the Nushagak River Chinook salmon runs in 2011, though we were unable to assess the beginning and end of the run.
As a comparison, all Nushagak River sockeye salmon (the only species in the region with a comprehensive genetic baseline) are combined into one reporting group based on, genetic population structure, statistical considerations, and stakeholder interests (10, 40, 41) . Although sockeye salmon of the Tikchik Lakes appear genetically distinguishable, the rest of the Nushagak River exhibits quite homogeneous genetic structure (10, 40, 41) .
MSAs, which employ genetic data of harvested sockeye salmon during commercial fisheries, have been very useful for discerning broad-scale population structure between the major Bristol Bay watersheds (41) and have contributed significantly to the sustainable management of this fishery (6). Genetic MSAs have been able to provide more accurate estimates of watershed-specific total annual recruitment (41) and inform in-season management decisions (10). These estimates provide the framework for setting escapement goals and effective management under the sustained-yield principle (41).
However, genetic baselines have not determined group membership of harvests to the fine-scale population structure (e.g., within a watershed) in many of these large watersheds, including the Nushagak River (10, 41). Thus, genetically based MSA results from the commercial sockeye salmon fishery have been largely limited to apportioning harvests to the broad-scale population structure of the Bristol Bay region. Although recent important work using SNPs of closely related populations of Chinook salmon across Western Alaska increased genetically distinguishable reporting groups from one to three in this expansive region, Chinook salmon from Bristol Bay (which includes populations from the Nushagak River) are still indistinguishable from those from the lower Kuskokwim River (11).
SIGs within the Nushagak River watershed provided increased resolution (by a factor of ~ 7) into the fine-scale population structure (i.e., sub-basin level) of the mixed stock incidental catch of Chinook salmon. However, 87 Sr/ 86 Sr information accessed via otoliths is not a direct insight into population structure. It is inherently indirect, and is more of a proxy for population structure, because it is purely based on environmental differences between habitats, not genotype differences. Arguably, it is a reliable proxy for Pacific salmon population structure because i) strong geographic relationships (e.g., watershedand stream-specific populations) define salmon population structure (42), and ii) geologic heterogeneity driving 87 Sr/ 86 Sr variation also has a strong geographic relationship.
There are some other additional caveats that are worthy of consideration. For example, the utility of 87 Sr/ 86 Sr ratios for certain species is diminished because of short freshwater residence times of some salmon species (e.g., chum and pink salmon) (18).
However, the relatively long freshwater residence times (> 1 year) of Chinook, sockeye, and coho salmon make these species good candidates for 87 Sr/ 86 Sr-based MSAs.
Additionally, because the utility of 87 Sr/ 86 Sr ratios scales with geologic heterogeneity, 87 Sr/ 86 Sr ratios will be less useful in regions of relatively homogenous geology. Finally, as we discovered in the Nushagak River, geographically distant areas can exhibit similar 87 Sr/ 86 Sr ratios (e.g., the AAR and the lower Nushagak River tributaries). By using multiple tracers within otoliths sometimes this issue can be resolved (43). Additionally, by coupling genetic with otolith microchemistry tags (44), a hierarchical approach to the mixed stock harvest problem (i.e., discerning broad-scale structure via genetic tags and fine-scale structure via otolith tags) may be a promising research and management linkage. Fig. S1 : A) SIGs determined via water 87 Sr/ 86 Sr ratios (mean ± 2SD) from (17) :   Table S1 :
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